The dependence of the excitonic photoluminescence (PL) spectrum of monolayer transition metal dichalcogenides (TMDs) on the tilt angle of an applied magnetic field is studied. Starting from a fourband Hamiltonian we construct a theory which quantitatively reproduces the available experimental PL spectra for perpendicular and in-plane magnetic fields. In the presence of a tilted magnetic field, we demonstrate that the dark exciton PL peaks brighten due to the in-plane component of the magnetic field and split for light with different circular polarization as a consequence of the perpendicular component of the magnetic field. This splitting is more than twice as large as the splitting of the bright exciton peaks in tungsten-based TMDs. We propose an experimental setup that will allow to access the predicted splitting of the dark exciton peaks in the PL spectrum.
Single layers of semiconducting transition metal dichalcogenides (TMDs) have been the subject of intensive theoretical [1] [2] [3] and experimental [3] [4] [5] research in recent years. These studies have been motivated by several unique features of TMDs: i ) the lack of inversion symmetry that leads to the formation of a large direct band gap ( 1.5 eV) at the two inequivalent valleys located at the K and K points of the hexagonal Brillouin zone, ii ) strong spin-orbit interaction which significantly lifts the degeneracy between the spin levels of the conduction and valence bands [6] [7] [8] [9] , and iii ) strong excitonic effects at room temperature that originate from the twodimensional (2D) character of TMDs and the associated reduced dielectric screening of the Coulomb interaction between charge carriers [10] [11] [12] [13] [14] [15] [16] [17] .
The two low-energy valleys in TMDs are degenerate due to time-reversal symmetry. However, the application of an external magnetic field breaks the time-reversal symmetry and as a consequence lifts this degeneracy. This is referred to as the valley Zeeman effect. Using magneto-photoluminescence spectroscopy, the valley Zeeman effect has been experimentally observed in TMD monolayers as different energy shifts induced in the excitonic transitions in the two valleys by a perpendicular magnetic field [18] [19] [20] [21] [22] [23] . A perpendicular magnetic field, aside from leading to Landau quantization, decreases (increases) the energy gap between the highest valence band state and lowest conduction band state via the intracellular orbital magnetic moment (the magnetic moment of the particles around their atomic site) in the K (K ) valley, implying that the exciton transition energy is different in the two valleys. Due to the circular dichroism in TMDs this means that the exciton resonances in the photoluminescence (PL) spectra for left and right circularly polarized light will shift from each other. The different magnetic shifts of the energy levels in the presence of a perpendicular magnetic field are schematically depicted in Fig. 1(a) and will be discussed in detail later.
Depending on the relative sign of the spin-orbit couplings in the conduction and valence bands in TMDs, the excitonic ground state can be bright (parallel spin configuration at the lowest conduction and highest valence band for which the optical transition is allowed) or dark (opposite spin configuration and optically forbidden ground state interband transition). An in-plane magnetic field, aside from leading to small additional shifts in the energy bands, couples the different spin states and as a result leads to a finite amplitude for previously forbidden interband transitions and as such leads to additional peaks in the PL spectrum. This brightening of dark excitons by an in-plane magnetic field was demonstrated in a recent experiment [24] .
In this letter, we investigate the influence of a tilted magnetic field on the excitonic PL spectrum in monoarXiv:1802.08003v1 [cond-mat.mes-hall] 22 Feb 2018 layer TMDs. A tilted magnetic field allows to combine the effects of the breaking of the energy degeneracy of the two valleys and the coupling between the different spin states. We predict that the extra peak, which arises due to the in-plane component of the magnetic field, will also split due to the perpendicular magnetic field component and that this splitting is more than twice as large as the splitting of the bright peaks in tungsten-based TMDs. In Fig. 1(b) we show a possible experimental setup. The magnetic field is oriented along the z-direction and the sample can be tilted over an arbitrary angle θ. The mirror should be tilted over an angle φ = (π − θ)/2 in order to have perpendicular incidence of the laser beam which is pointed along the z-direction. Starting from the four-band low-energy dispersion of TMD monolayers we present a semi-analytical approach for calculating the exciton energies and wave functions. The obtained results quantitatively reproduce the experimental PL spectra for perpendicular and in-plane magnetic fields.
We start from the effective low-energy singleelectron Hamiltonian [1] in the basis B 
where σ (s) is a vector with the pseudospin (spin) Pauli
2 ) is the two by two pseudospin (spin) identity matrix, a the lattice constant, t the hopping parameter, τ = ±1 the valley index, ∆ the band gap, λ c(v) the spin-orbit coupling strength leading to a spin splitting of 2λ c(v) at the conduction (valence) band edge, q the charge of the electron, e the elementary charge, µ B the Bohr magneton, and
where A is the vector potential giving rise to the magnetic field B = ∇ × A. Here, we choose to work in the gauge
T with B x = B sin θ and B z = B cos θ where B is the magnetic field strength. However, since we are considering a 2D system we can take z = 0. The first part of the above Hamiltonian is the gapped Dirac Hamiltonian plus the contribution of the intracellular orbital magnetic moment (conduction and valence band states in monolayer TMDs have m z = 0 and m z = 2τ , respectively). The second and third part are the contribution of the spin magnetic moment and the spin-orbit coupling, respectively.
The in-plane components of the magnetic field prevent the above Hamiltonian from being diagonal in spin space and reducing it to two 2D Hamiltonians. Therefore, in order to have a 4D exciton Hamiltonian instead of a 16D one, we will consider the in-plane components of the magnetic field within first order perturbation theory, which leads to the effective 2D Hamiltonian in the basis 
with s = ±1 the spin index and withλ
). This is a good approximation as long as µ B B x is small compared to λ c .
Since a hole with wave vector k, spin s, and valley index τ can be described as the absence of an electron with opposite wave vector, spin, and valley index, the single-hole Hamiltonian can immediately be obtained from the single-electron Hamiltonian and is given by −H −q −s,−τ (−Π). The eigenstates of this Hamiltonian span the 2D Hilbert space H h s,τ . The total exciton Hamiltonian acts on the product Hilbert space spanned by the tensor products of the single-particle states at the band edges, B α = B e s e ,τ e ⊗ B h s h ,τ h , and is given by
where α is a shorthand notation for s e , τ e , s h , τ h , with q h = −q e = e, and where the electron-hole interaction potential is given by [25] [26] [27] spectively, with κ = (ε 1 + ε 2 )/2 where ε 1(2) is the dielectric constant of the environment above (below) the TMD monolayer, and with r 0 = 2πχ 2D /κ the screening length where χ 2D is the 2D polarizability of the TMD layer. In this letter we consider TMDs on a SiO 2 substrate with dielectric constant ε 2 = 3.8 and with vacuum on top, i.e. ε 1 = 1. The eigenvalue problem for the exciton Hamiltonian (3) is now reduced to a set of four coupled equations. The details on how to solve this eigenvalue problem are given in the Supplemental Material [28] . When both the excitonic energy spectrum and the wave functions are obtained we can also calculate the PL spectrum using the formula [29] 
with P s e τ e ± the transition amplitude between the singleparticle states (for which an expression is derived in the Supplemental Material [28] ), E α,n the exciton energy of the n th state with indices α, φ e,h c,v,α,n the corresponding dominant component of the exciton wave function, ω the photon energy, γ the broadening of the peaks, and where the hole valley index is fixed for optical transitions at τ h = −τ e . As mentioned in the introduction, the intracellular or- bital magnetic moment leads to different energy gaps in the two valleys. More specifically it decreases (increases) the energy gap in the K (K ) valley by an amount of 2µ B B z . For states with the same spin and valley index, we can see from Fig. 1(a) that the intercellular orbital magnetic moment (the intrinsic magnetic moment of the individual Bloch particles for which an expression is given in the Supplemental Material [28] ) and spin magnetic moment do not influence the energy gap. As a result, the bright exciton peaks in the PL spectrum split by an amount of 4µ B B z between the two circular polarizations of the laser. When λ c and λ v have the same sign the ground state of the A exciton, i.e. an exciton in which the hole stems from the highest valence band, is dark. Theoretical studies predict that this is the case for TMDs consisting of tungsten, while it is not the case for TMDs consisting of molybdenum [6] [7] [8] [9] . Here we assume λ v > 0 and as a consequence λ c > 0 for tungsten based TMDs and λ c < 0 for molybdenum based TMDs. However, in the presence of an in-plane magnetic field these dark excitons become brightened. Fig. 1(a) shows that the energy gap between the highest valence band and the conduction band with opposite spin increases (decreases) with 4µ B B z in the K (K ) valley due to the spin and intracellular orbital magnetic moments. The intercellular orbital magnetic moment will further add to this difference in size of the energy gap since it has a different magnitude for different spin states. Therefore, in a tilted magnetic field the peaks in the PL spectrum due to these brightened dark excitonic states will also split between the two circular polarizations of the laser and this splitting is expected to be more than twice as large as the splitting between the bright exciton peaks. For materials with λ c > 0 the dark exciton energy is lower than the bright exciton energy and therefore these resonances can be detected in the PL spectrum as their intensity is further thermally increased by a factor exp[∆E bd /(k B T )], with ∆E bd the difference between the bright and the dark • in the presence of a magnetic field of 50 T. We used a broadening of γ = 3 meV.
exciton energy. This is illustrated in Fig. 2 where we show the excitonic PL spectrum of WS 2 for different tilt angles. The results clearly show the above predicted effects, with the splitting of the dark exciton peaks more than twice as large as compared to the splitting of the bright exciton peaks, which should be detectable experimentally. However, although the splitting of the dark exciton peak increases as the tilt angle decreases, the intensity of the dark exciton peaks decreases as well, making them more difficult to observe. Therefore, this effect can be best measured at intermediate tilt angles. The splitting of the bright and dark excitonic peaks in the PL spectrum is shown in Fig. 3 as a function of the tilt angle of the sample. Notice that the splitting of both excitonic peaks increases with decreasing angle and that the splitting of the dark excitonic peak is more than twice as large as compared to the splitting of the bright peak.
For materials with λ c < 0 the dark exciton energy is higher than that of the bright exciton and as such these states are, in addition to their already lower intensity, further thermally suppressed by a factor exp[∆E bd /(k B T )] and are therefore not detected experimentally. This can be seen in Fig. 4 , where no brightened dark A exciton peaks are seen in the PL spectrum of MoS 2 and MoSe 2 . For B excitons, i.e. excitons in which the hole stems from the lowest valence band, the situation is reversed: in materials with λ c < 0 the dark exciton has a lower energy than the bright exciton and can be detected whereas in materials with λ c > 0 the dark exciton has a higher energy than the bright exciton and is thermally suppressed. However, in this case the spin and intracellular orbital magnetic moments cancel each other and the only change in the energy gap comes from the intercellular orbital magnetic moment. Therefore, the splitting of the dark B exciton peaks in the PL spectrum will be smaller than that of the bright excitons and thus more difficult to detect. This can be seen in the figure, where the brightened dark B exciton peak of MoSe 2 and that of MoS 2 are difficult to observe. Although, for the latter, the treatment of the in-plane component of the magnetic field within first order perturbation theory might have smaller accuracy due to the very small λ c .
The material constants for four different TMDs used in this work are listed in Table I . Changing these values would only lead to shifts in the PL spectra. The only parameter which is of qualitative importance is (the sign of) λ c . Furthermore, we only consider excitons in the 1s-state in the results presented here.
In Figs. 5(a) and (b) we compare our results with experimental results for the case of a perpendicular [20] and a parallel [24] magnetic field, respectively. For a perpendicular magnetic field we find a slightly larger splitting of the excitonic peak, which is possibly due to the fact that the magnetic quantum numbers in the conduction and valence bands of monolayer TMDs deviate somewhat from the values m z = 0 and m z = 2τ due to mixing of the d orbitals that make up the single-particle states at the band edges with p orbitals [23] . In the case of a parallel magnetic field there are additional features in the experimental PL spectrum which have been attributed to localized or defect-related excitons, as well as to trions [32, 33] . The defect-related exciton could be studied by adding a Coulomb-like impurity to the diagonal elements of the single-particle Hamiltonian (1). Trions and biexcitons pose a considerably bigger challenge. Constructing a trion or biexciton Hamiltonian can be done in a similar fashion as described here for the exciton. However, solving the corresponding eigenvalue problem would be computationally impossible since in these cases the angular correlations can not be neglected [34] and this would require solving a 6D (trion) and 8D (biexciton) differential equation.
In summary, we have constructed a theory which allows to calculate the effect of an arbitrarily oriented magnetic field on excitons in monolayer transition metal dichalcogenides. We found that for tungsten based TMDs the dark A exciton peak in the PL spectrum, which is brightened due to the in-plane component of the magnetic field, splits between left and right circularly polarized light due to the perpendicular component of the magnetic field and that this splitting is more than twice as large as compared to the splitting of the bright exciton peak, which should be observable experimentally. [1] , spin splittings of the conduction [7] and valence [30] band, and screening lengths [31] for different TMD materials suspended in vacuum.
a (Å) t (eV) ∆ (eV) 2λc (meV) 2λv (meV) r0 (Å) 
